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The extent to which the many different pathways of endocytosis share underlying molecular mech-
anisms is currently unknown. In this issue of Developmental Cell, Yarar et al. (2007) report that SNX9,
a protein that binds phosphatidylinositides, dynamin, and N-WASP, coordinates actin assembly with
several distinct endocytic processes.A large number of accessory or adap-
tor proteins important for endocytosis
have been identified in the past de-
cade, among them members of the
sorting nexin (SNX) family, identified
by their PX domains. Most PX domains
bind phosphatidylinositides, either
phosphatidylinositol(3)phosphate or
phosphatidylinositol(4,5)bisphosphate
(PIP2). The latter is critically important
for membrane traffic, signal transduc-
tion, and modulating the actin cyto-
skeleton. Recently SNX9 has been
shown to be required for efficient
clathrin-mediated endocytosis (Soulet
et al., 2005). SNX9 can bind N-WASP
(Worby et al., 2001), an important ac-
tivator of actin polymerization, and
dynamin 2 (Lundmark and Carlsson,
2003), a large GTPase required for
both clathrin-mediated and certain
non-clathrin-mediated endocytic pro-
cesses. The key question for proteins
like SNX9 is whether their disparate
binding partners indicate that they
have multiple, independent functions
that they might coordinate, or whether
they integrate those partners into a
single function or pathway.
The role of actin in endocytosis is
somewhat controversial, as actin poly-
merization has been reported to be
necessary (Lamaze et al., 1997; Merri-
field et al., 2002; Yarar et al., 2005) or
dispensable (Boucrot et al., 2006; Fuji-
moto et al., 2000) for clathrin-mediated
endocytosis. Actin depolymerizing
drugs do not inhibit clathrin-mediated
transferrin uptake but do inhibit some,
but not all, fluid-phase endocytosis
(Sandvig and van Deurs, 1990). Cur-
rently there are a number of distinct en-
docytic pathways identified either by
the cargo they carry or by the ways in
which theycanbe inhibited; the interre-lationships between these pathways,
both in terms of their biological func-
tions and their underlying molecular
mechanisms, are poorly understood.
Using fluorescent proteins fused to
SNX9 and time-lapse total internal re-
flectance fluorescence microscopy,
Yarar and colleagues show that
mCherry-SNX9 colocalized with EGFP-
clathrin light chains, presumably in
coated pits, and with a GFP-GPI re-
porter on endocytic tubules in a non-
clathrin, actin-dependent pathway that
also labeled with mCherry-N-WASP
(Yarar et al., 2007). SNX9 was addition-
ally observedonplasmamembrane ruf-
fles and dorsal ring structures involved
in a form of macropinocytosis that is
also known to be dependent on actin.
Thus SNX9 is found on membranes in-
volved in at least three separate endo-
cytic pathways. Knocking down SNX9
expression by siRNA decreased the
number of dorsal ring structures and
partially inhibitedfluid-phaseendocyto-
sis, indicating that SNX9 was required
for those activities. However, knocking
downSNX9 had no effect on a pathway
of fluid-phase endocytosis that is gen-
erated in response to the expression
of a dominant-negative dynamin.
Thus, SNX9 function is required in
many endocytic pathways but either
can be replaced, or is not essential, for
the basic membrane deformations re-
quired to invaginate membrane and
bud off an endocytic carrier.
In an in vitro assay of actin polymer-
ization stimulated by N-WASP and
Arp2/3, SNX9 accelerated actin poly-
merization into a dense dendritic net-
work. Liposomes containing PIP2,
when preincubated with SNX9 and
then added to the assay, accelerated
actin polymerization by N-WASP andDevelopmentaArp2/3, but not by Arp2/3 alone. This
effect required the presence of both
PIP2 and SNX9. Thus PIP2 and SNX9
act together through N-WASP to poly-
merize actin. Themechanism bywhich
this occurs was illuminated by the
chance observation that SNX9 ex-
pressed in bacteria was recovered af-
ter gel filtration as a dimer and a higher
order oligomer. When tested, the olig-
omer stimulated actin polymerization
far more than the dimer, and binding
to the PIP2 liposomes generated
SNX9 oligomers. Yarar and colleagues
suggest that these oligomers increase
N-WASP activity by clustering. A key
observation was that SNX9 and lipo-
somes containing PIP2 accelerated
actin polymerization only if they were
preincubated. When added together
at the beginning of an actin polymeri-
zation assay, they had no effect, even
if the assay was run almost as long
as the preincubation period. This sug-
gests that oligomers of SNX9 were not
forming during the polymerization as-
say. Binding to N-WASP either in-
hibited the oligomerization of SNX9 di-
mers or interfered with binding of the
dimers to PIP2 liposomes. If these ob-
servations can be extrapolated to the
situation in vivo, they suggest that an
ordered assembly reaction is required
for actin polymerization on endocytic
membranes in which PIP2 is gener-
ated and bound by SNX9 before N-
WASP is recruited. If so, there must
be some as yet unknown mechanism
to prevent SNX9 and N-WASP from
binding prematurely in the cytoplasm.
Yarar and colleagues suggest that
the role for actin assembly in endo-
cytosis is to generate force for the pur-
pose of the shape changes required to
generate an endocytic carrier. Chiefl Cell 13, July 2007 ª2007 Elsevier Inc. 3
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actin at the neck of a budding vesicle
or tubule and forcing it away from the
plasma membrane. However, actin
polymerization is not universally ob-
served during the budding of clathrin
vesicles, and actin depolymerization
does not shut down all of endocytosis.
A simple explanation for the lack of
a uniform requirement for actin for
the formation of endocytic vesicles
might be that cells have developed
multiple mechanisms to form and
fission off endocytic carriers. The re-
quirement for amechanism using actin
might be dependent upon whether or
not actin and actin regulatory proteins
like N-WASP are locally abundant.
One can imagine that in locations
(such as the adherent plasma mem-
brane) where a dense cortical network
is in the way of membrane deformationUbiquitin Ligatio
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Classically, ubiquitination require
ligases typically provide substra
describes the E3-independent m
ing parallels to SUMO ligation.
Ubiquitin covalently modifies other
proteins, either as ubiquitin chains
(polyubiquitination) or single ubiquitin
moieties (monoubiquitination) (Ker-
scher et al., 2006). Attachment of
ubiquitin to a protein enhances its
interaction with ubiquitin receptors
containing ubiquitin-binding domains
(UBDs). The consequences of such in-
teractions depend on their timing and
cellular location and on the type of
ubiquitin modification. Generally, a
lysine in the substrate is coupled to
the C-terminal glycine of ubiquitin by
an amide (isopeptide) bond. This re-
quires prior activation of the ubiquitin
C terminus by E1, after which the
4 Developmental Cell 13, July 2007 ª200and movement, a rearrangement of
the actin cytoskeletonmight be neces-
sary and has been adapted to move
membrane carriers through the ob-
struction by using its own com-
ponents. At other locations where an
actin cytoskeleton is less abundant,
a mechanism using actin might not
be required. Since the actin cytoskele-
ton is dynamic and sensitive to growth
states, the requirement for actin in en-
docytosis could vary for the same cell
type under different growth condi-
tions, and might even vary at different
locations in the same cell.
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